Gametogenesis is a key developmental process that involves complex transcriptional regulation of numerous genes including many that are conserved between unicellular eukaryotes and mammals. Recent expression-profiling experiments using microarrays have provided insight into the co-ordinated transcription of several hundred genes during mitotic growth and meiotic development in budding and fission yeast. Furthermore, microarray-based studies have identified numerous loci that are regulated during the cell cycle or expressed in a germ-cell specific manner in eukaryotic model systems like Caenorhabditis elegans, Mus musculus as well as Homo sapiens. The unprecedented amount of information produced by post-genome biology has spawned novel approaches to organizing biological knowledge using currently available information technology. This review outlines experiments that contribute to an emerging comprehensive picture of the molecular machinery governing sexual reproduction in eukaryotes.
Gametogenesis is a key developmental process that involves complex transcriptional regulation of numerous genes including many that are conserved between unicellular eukaryotes and mammals. Recent expression-profiling experiments using microarrays have provided insight into the co-ordinated transcription of several hundred genes during mitotic growth and meiotic development in budding and fission yeast. Furthermore, microarray-based studies have identified numerous loci that are regulated during the cell cycle or expressed in a germ-cell specific manner in eukaryotic model systems like Caenorhabditis elegans, Mus musculus as well as Homo sapiens. The unprecedented amount of information produced by post-genome biology has spawned novel approaches to organizing biological knowledge using currently available information technology. This review outlines experiments that contribute to an emerging comprehensive picture of the molecular machinery governing sexual reproduction in eukaryotes.
During meiosis a competent diploid cell replicates its DNA once and then undergoes two consecutive divisions followed by haploid gamete differentiation. Important aspects of meiotic development that distinguish it from mitotic growth include a highly increased rate of recombination, formation of the synaptonemal complex that aligns the homologous chromosomes, as well as separation of the homologues and sister chromatids during meiosis I and II without an intervening S-phase. Sporulation in yeast and spermatogenesis in higher eukaryotes are analogous developmental pathways that involve conserved genes, many of which are known to display transcriptional upregulation during the process. It has proved useful to compare the genome-wide expression patterns of model systems to identify and characterize genes required for sexual reproduction in all eukaryotes. This review will briefly outline various aspects of the microarray technology and then focus on its impact on our understanding of meiosis and gametogenesis in yeasts as well as multicellular organisms.
Microarrays and bioinformatics
High density oligonucleotide microarrays (GeneChips) and PCR microarrays are available for nearly all major model systems and Homo sapiens (Lockhart and Winzeler, 2000; Young, 2000) . GeneChips contain oligonucleotide probes synthesized in situ on glass slides using photolithography and combinatorial chemistry (Lockhart et al., 1996) . These probes recognize transcripts from a single sample (Fig. 1a) . PCR micro-*Correspondence Email: michael.primig@unibas.ch arrays are standard microscopic glass slides onto which PCR fragments or oligonucleotides are spotted (see http://www.gene-chips.com; Schena et al., 1995; Lashkari et al., 1997) . The arrays are hybridized with a mixture of cRNAs from two samples, each labelled with a different fluorophor (CY3 and CY5; Fig. 1b ). High density oligonucleotide microarrays yield a single fluorescence intensity measurement for each gene, whereas PCR microarrays produce a ratio between two signals (red and green) measured simultaneously in one spot. When all loci from a genome are represented on the array, it is possible to determine the transcriptome of a process, that is to say all transcripts present in a cell at a given time point are detected. The MIAME convention (Minimal Information About a Microarray Experiment) requires authors to provide raw data as well as information about their experiments (Brazma et al., 2001) to standardize array data analysis. Normalized or scaled data are analysed with filtering algorithms to identify differentially regulated transcripts (Hastie et al., 2000 (Hastie et al., , 2001 Lockhart and Winzeler, 2000) . Cluster algorithms can then be used to group expression patterns according to their similarity. This procedure is useful because loci of similar functions tend to be expressed in a similar way (Eisen et al., 1998) . Numerous cluster algorithms are available but none of them is perfectly adapted to all experimental conditions and approaches (Quackenbush, 2001 ; Table 1 ).
How reliable are microarray experiments? It is noteworthy that only a fraction of cell-cycle or meiotically regulated genes have been commonly identified by groups studying mitosis (Cho et al., 1998; Spellman et al., 1998) or sporulation (Chu et al., 1998; Primig et al., 2000) , which may raise doubts about the overall reproducibility of expression-profiling data. A possible explanation for poor overlap in the case of cell-cycle regulation is that Cho et al. (1998) relied on visual inspection of a single data set, whereas Spellman et al. (1998) used statistical data analysis of four timecourse experiments, each using a different method to synchronize cells. It is possible that stress-based synchronization protocols are a source of error themselves (Cooper and Shedden, 2002) . In the case of sporulation, both studies carried out thorough statistical and cluster analysis; therefore, the difference may be related to distinct array technologies and different sporulation efficiency (Table 2) .
Whole genome expression-profiling meiosis and spore formation in yeasts
Saccharomyces cerevisiae has been extensively used for the analysis of mitosis and meiosis as well as gamete formation (sporulation). Important genes were organized into five categories according to the timing of their induction: very early, early, middle, mid-late and late (for review, see Kupiec et al., 1997) . These results were complemented and extended by analysing the transcriptome of meiosis and spore development with GeneChips in two different genetic backgrounds including wildtype and meiosis-deficient strains. Nine hundred core genes were demonstrated to be meiotically regulated in a strain-independent manner, including hundreds that are also expressed during mitotic growth. The classical categories were further refined into seven expression clusters (Primig et al., 2000) . About 500 genes were found to be upregulated during sporulation in a similar analysis using PCR microarrays (Chu et al., 1998) . In both studies it emerged that timing of induction coincided in many cases with time of function, notably for genes involved in recombination (SPO11, REC102), pachytene checkpoint function (PCH2), sister chromatid separation (REC8 or SPO69), regulation of meiosis I (SPO13), induction of middle meiotic genes (NDT80) and spore wall formation (DIT1).
A third attempt to determine the meiotic transcriptome of yeast using PCR microarrays, although it identified a subset of important core genes, failed to yield a large overlap with previous experiments (W. Lin and A. Nicolas, personal communication) . It is therefore a distinct possibility that the actual core group of meiotically regulated genes may be in the range of only 150-200 loci. A potential way to tackle this problem is to ask if there are genes the meiotic regulation or function of which is similar not only among array experiments but also among species. Clues to this critical question emerge from the transcriptome of sexual differentiation in Schizosaccharomyces pombe (Mata et al., 2002) . Fission yeast is only distantly related to budding yeast, which is why sequences and patterns conserved between these two organisms are considered significant in terms of evolution. In S. pombe, as in budding yeast, about 1000 genes are meiotically regulated. However, the group of similarly regulated meiotic genes is rather small, Ostermeier et al. (2002) comprising only 75 genes, among which are regulators of cell-cycle progression (B-type cyclins like CLB1 or cdc13, CLB2-CLB6 or cig2), the seven components of the anaphase-promoting complex, as well as loci involved in recombination (REC114 or rec7, REC8 or rec8, DMC1 or dmc1), sister chromatid cohesion (SMC3 or smc3) and chromosome synapsis (HOP2 or meu13). The overall process of meiosis and spore formation is similar in both fission and budding yeast but the regulatory machinery that orchestrates it is not. The corollary is that complex meiotic transcriptional regulation may have evolved at later stages to optimize the process and to meet the needs of multicellular organisms (Mata et al., 2002) . It must be emphasized that an important limitation of this comparative approach is the fact that S. pombe does not form the tripartite synaptonemal complex, a common feature of meiosis in most eukaryotes (Davis and Smith, 2001) . It therefore lacks numerous structural components and enzymes involved in the establishment and maintenance of this important structure.
Meiotic regulation in budding yeast
To date, only three site-specific DNA-binding transcription factors (Ume6, Abf1 and Ndt80) involved in meiotic gene induction have been described (GailusDurner et al., 1996; Chu and Herskowitz, 1998; Hepworth et al., 1998) . Ume6 was first identified in a screen for mutants that expressed meiosis-specific genes during mitotic growth (unscheduled meiotic expression) and was later demonstrated to encode a key regulator of nitrogen repression and meiosis (Bowdish et al., 1995; Steber and Esposito, 1995) . Ume6 exerts its function through direct interaction with a conserved histone deacetylase complex that contains Rpd3, Sin3 and Iws2 or by binding to the meiotic activator Ime1 (Kadosh and Struhl, 1998; Goldmark et al., 2000; Washburn and Esposito, 2001 ). An expression-profiling study of Ume6 deletion mutants compared with a wildtype strain revealed significant mitotic de-repression of almost 80 genes (Williams et al., 2002) . Among those whose functions are known, most participate in carbon and nitrogen metabolism or sporulation and approximately half of the genes directly regulated by Ume6 are induced during sporulation. Many genes are essential for various steps in the meiotic pathway including recombination (DMC1, SPO11), formation of the synaptonemal complex (HOP1, HOP2, ZIP2), sister chromatid cohesion (SPO69 or REC8), the pachytene checkpoint (PCH2), control of meiosis I (SPO13) and prospore development (MPC54, SMA1).
A remarkable outcome of microarray experiments is that the 5 -upstream regions of several hundred meiotically upregulated loci lack matches to the target sites of Ume6, Abf1 and Ndt80 (Primig et al., 2000) . Moreover, numerous middle meiotic genes (clusters 5 and 6) are not regulated by Ndt80 (Chu et al., 1998) and many early meiotic genes (cluster 4) are not mitotically de-repressed in Ume6 mutants (Williams et al., 2002) . This finding strongly indicates that meiotic expression involves as yet unknown regulators.
To learn more about meiotic induction one needs to identify genes that display robust and highly correlated expression patterns in different strains. It is important to bear in mind that meiotic regulation as defined for 900 core genes includes those that increase in one strain and decrease in the other (Primig et al., 2000) . However, the fact that most of the known meiotic genes show highly correlated expression profiles indicates that A selection of reproducibly induced meiotic core genes. Three hundred and fifteen genes that display robust and strainindependent upregulation during meiosis and spore development in MAT a/␣ wild-type but not MAT a/a or MAT ␣/␣ meiosis-deficient strains were retrieved from GermOnline (http://germonline.unibas.ch) on the basis of displaying a correlation coefficient 0.8. The expression profiles as determined in SK1 MAT a/␣ are used to group the genes together using the GeneTree function of GeneSpring 4.2.1. The Spearman Confidence algorithm was used with the separation ratio set at 0.5 and the minimum distance set at 0.001. Subsequently, the expression data obtained with the three other strains were visualized. Lanes, columns and sub-columns correspond to genes, strains and time points, respectively, as indicated. Vertical bars outline the cellular functions that represent the majority of the known genes falling into the expression clusters symbolized by grey boxes (C1-C7 are expression clusters 1-7). Stress: summary of functions involved in nutrient uptake as well as amino acid uptake and biosynthesis; DS: DNA synthesis; Rec: recombination; SC synaptonemal complex; MI + II: meiotic divisions; ascus: spore and ascus formation or maturation. similar transcriptional patterns in different strains are likely to reflect biologically significant expression signals. A selection of 315 clustered core genes the microarray signals of which fulfil the criterion of reproducibility are shown (Fig. 2) . The genes are upregulated only in sporulating and not in meiosis-deficient control strains and therefore their promoters are excellent candidates for further study. This group also includes 20 genes that show a clear pattern of cell-cycle regulation during mitotic growth; for example, SPO12 which is essential for meiosis and required for mitotic growth in the absence of DBF2; CLB5 and CLB6, which are important for pre-meiotic DNA synthesis; and PDS1, a regulator of cell-cycle progression (Klapholz and Esposito, 1980; Smith et al., 2001; Agarwal and Cohen-Fix, 2002) . The expression profiles of these genes during mitotic growth and meiotic development are summarized (Fig. 3) . It is not known how regulatory elements that mediate cellcycle regulation are re-programmed into conferring a pattern of meiotic induction (and often re-repression). A better understanding of the promoters of these genes will provide insight into the molecular machinery that governs the transition from cell-cycle progression to meiotic differentiation.
Does meiotic expression imply meiotic function?
How many meiotically regulated genes are essential for the process? Whereas most important sporulation genes are meiotically upregulated (Kupiec et al., 1997) , it was demonstrated that genes that are meiosis-specifically expressed or induced are not necessarily essential for the Fig. 3 . Re-programming cell-cycle specific induction during meiotic development. The mitotic and meiotic expression patterns of 20 selected genes that display cell-cycle regulation are shown. Genes were clustered as described in Fig. 2 on the basis of the cell-cycle data from Cho et al., 1998 (produced with GeneChips). The cell-cycle cluster was then used to visualize expression data obtained in sporulating SK1 and W303 strains as indicated. The expression profiles are shown for two cell cycles and meiotic development in two different strains. Cell-cycle-regulated genes that fall into the seven meiotic expression clusters (C1-C7) are colour coded.
process (Percival-Smith and Segall, 1986) . Therefore, it was not surprising that only approximately 10% of about 300 upregulated genes displayed an essential phenotype in a large-scale deletion study (Rabitsch et al., 2001) . However, the correlation between meiotic regulation and essential function is statistically significant, hence expression profiling is valuable for developmentally important loci (Deutschbauer et al., 2002) . It is unclear why the majority of induced genes have no phenotype, but functional redundancy may provide an explanation in a number of cases (U. Schlecht, S. Brachat, P. Philippsen and M. Primig, unpublished) . To date, approximately 400 loci are known to be required for meiosis and sporulation in yeast and this number will further increase as soon as the sporulation phenotypes of all non-essential yeast-deletion strains are available (Kupiec et al., 1997; Briza et al., 2002; Deutschbauer et al., 2002; Giaever et al., 2002; A. Nicolas, unpublished) . Many of these genes are meiosis specific and conserved and therefore could be candidates for important functions in higher eukaryotes. A selection of 75 yeast genes that are meiosis-specifically expressed and their potential homologues and known orthologues in fly, worm and mammals are summarized at http:// www.biozentrum.unibas.ch/personal/primig/gametes.
Expression profiling of meiosis and the germline in higher eukaryotes
Identifying meiotic-and germ-cell-specific transcripts in multicellular organisms is a complex task because gonads contain different types of cell, only a fraction of which are germ cells. However, it is possible to obtain informative expression data using microarrays by comparing, for example, mutant worm strains devoid of male or female gametes with wild-type strains, by profiling gonadal tissues or by analysing purified germ cells at various stages of development ( Table 2 ). The following section of this review summarizes the outcome of recent experiments of these types using Caenorhabditis elegans and mammalian model systems. The worm is an excellent organism for expressionprofiling experiments because of the wealth of mutant strains available. Moreover, currently available microarrays cover nearly all annotated genes (Hill et al., 2000; Jiang et al., 2001; Reboul et al., 2001) . A landmark study compared a wild-type hermaphrodite to mutants devoid of any germ cells (glp-4) at three larval stages and one adult stage. In addition, the authors compared adult animals producing only spermatozoa (fem-3(gf)) with animals producing only oocytes (fem-1(lf)) (Reinke et al., 2000) . Using statistical analysis, the authors identified 1416 germline-expressed genes. Among those they found 650 sperm-specific or -enriched, 258 oocytespecific or -enriched and 508 germline intrinsic loci that are expressed in both types of germ cells. An interesting outcome was that sperm-enriched loci contained a disproportionally high number of kinases and phosphatases as well as enzymes implicated in energy metabolism. This finding is in keeping with the fact that post-translational regulation plays an important role in spermatogenesis and that sperm motility requires a lot of energy. In a similar way, oocyte-enriched genes were found to include genes possibly involved in eggshell formation and DNA replication. Expression profiling facilitates identification of genes important for gametogenesis in yeast and large-scale gene 'knockdown' experiments by RNA interference indicate that this is also true for the worm (Piano et al., 2002; Walhout et al., 2002) .
Somatic and gametogenic tissues are distinguishable by their associated expression profiles (Andrews et al., 2000; Miki et al., 2001; Su et al., 2002) . Such exploratory approaches help identify genes involved in developmental and metabolic pathways, for example, glycolysis. Clustering loci that play a role in this pathway separates them into forms that are expressed specifically in muscle, liver or kidney and testis (Miki et al., 2001) ; forms that are expressed specifically in the testis may contribute to energy production during spermiogenesis (Welch et al., 1992) . Important insight into germ-cellspecific transcription comes from Camerini-Otero and co-workers who compared the testicular expression patterns of approximately 15 000 mouse cDNAs in wild-type and homozygous Spo11-deletion mice (N. Smirnova and D. Camerini-Otero, personal communication) . Mutants fail to initiate meiotic recombination, which triggers apoptosis of spermatocytes and oocytes, thus causing both males and females to be sterile (Baudat et al., 2000; Romanienko and Camerini-Otero, 2000) . A clear pattern of deregulation in the absence of Spo11 was observed for approximately 100 genes in juvenile mice at 15 days after birth. Furthermore, in the testes of adult Spo11 deletion mice, the expression of 23% of the genes was altered, indicating substantial transcriptional deregulation in the absence of double-strand break formation during mammalian meiosis. A recent report describes 153 TISP (transcript induced during spermiogenesis) genes the expression of which is upregulated during sperm maturation in mice, including 80 that are testis specific (Fujii T et al., 2002) . The authors found 82 previously uncharacterized sequences among the 153 loci that were organized into three different types based upon their expression in juvenile and adult tissue. This study, as well as data obtained with PCR microarrays that contain 900 testis genes (Rockett et al., 2001) , will be helpful for future expression-profiling experiments.
It would be interesting to determine the transcriptome of spermatogenesis using purified male germ cells. Sedimentation or elutriation techniques are timeconsuming processes during which the expression of many genes may change. However, it is possible to distinguish rat Sertoli cells from dividing spermatogonia and differentiating spermatocytes as well as round spermatids on the basis of global expression patterns of about 800 genes filtered out among approximately 9000 loci and ESTs (expressed sequence tags) present on U34A GeneChips (Affymetrix). Moreover, a number of previously identified testis-specific or -enriched transcripts from genes like Tnp1 or Tnp2 (transition nuclear proteins), Prm2 (DNA binding protein), Sp10 (sperm-specific protein) and Sycp3 (SC component) are clearly detectable in purified germ-cell populations (U. Schlecht, P. Demougin, R. Koch, M. Bellis, I. Coiffec, B. Jégou and M. Primig, unpublished) . An additional approach might be to use in vitro cell systems undergoing partial spermatogenesis, because it is possible to extract high-quality RNA rapidly from cultured cells (Jegou et al., 2001 ). An important advance is the recent demonstration of in vitro differentiation of telomerase immortalized type A mouse spermatogonia (Feng et al., 2002) . Critical issues are germ-cell synchrony and the fact that only about 60% of the spermatogonia reach the haploid stage, as subtle transcriptional changes may be masked by cells that fail to transit the pathway (Feng et al., 2002) . Noninvasive techniques may also prove useful for microarray studies of spermatogenesis. Encouraging results were reported by Ostermeier et al. (2002) who analysed 30 000 cDNAs using spermatozoa purified from human testicular as well as ejaculate samples. The data indicate that among at least 2686 detected ESTs, transcripts from all stages of spermatogenesis are present. In addition, the authors argue that spermatozoa may provide functions involved in embryonic development rather than simply being a vehicle for the male complement of chromosomes.
Is meiosis-specific transcription likely to be conserved in all eukaryotes? Clues about conservation of expression patterns between closely related species come from a large-scale profiling analysis of tissues in humans and mice (Su et al., 2002) . About half of 799 putative orthologue pairs displayed strikingly similar patterns of transcription in humans and mice at a correlation coefficient of at least 0.6 (with 0 being unrelated and 1 being identical). Among those, the authors found 104 conserved loci expressed in testis including known genes like Sox5 and Tekt2. This finding underlines the usefulness of expression-profiling studies in mice and rats, the results of which are likely to be applicable to their human homologues. However, evolutionary distance is critical; SPO11, for example, is meiosis specific in budding yeast but only germ-cell-enriched in mammals, in which it is also weakly expressed in thymus and brain tissues (Klapholz et al., 1985; Keeney et al., 1999) . Interestingly, 114 out of 155 putative S. cerevisiae orthologues of human cell-cycle-regulated genes display a cyclical expression pattern in yeast too (Whitfield et al., 2002) . The finding that many genes are conserved and cell cycles regulated in species as distant as yeast and humans supports the notion that comparative expression profiling is a reasonable means of identifying important genes in organisms not accessible to genetic and biochemical analysis. Meiotic profiling studies using distantly related fungi identify only a small set of < 100 commonly induced genes (Priming et al., 2000; Mata et al., 2002) . It is possible that the number of loci that constitute the genetic core of gametogenesis in all eukaryotes may be in that range.
Knowledgebase development
Data management and organization of knowledge has become a key application of information technology in biological research. The global GeneOntology project provides a framework of rules and nomenclature for genes across species (Ashburner et al., 2000) . A gene product is described by the categories biological process, molecular function and cellular component. On the basis of this convention a number of speciesspecific databases from major model organisms are being constructed and maintained by curators (Table 1) . Providing up-to-date information about tens of thousands of genes remains a serious challenge but one way of handling knowledge is to share the burden among many scientists. This requires a database that authors can access through the internet to publish and update their findings. The gametogenesis field is at the forefront of biological knowledge management that uses this type of approach. An organ-based database called The Ovarian Kaleidoscope (OKdb) integrates published information on individual ovarian genes (Ben Shlomo et al., 2002) , whereas Mammalian Reproductive Genetics (MRG) will contain genes involved in oogenesis and spermatogenesis in mammals (V. Cassen and B. Braun, unpublished) . The GermOnline database will initially cover 11 model systems as well as H. sapiens, providing a platform for scientists studying meiosis and gamete formation to directly contribute and update information. GermOnline is organized by an international board of curators to ensure the highest possible scientific quality of the content of the database. The information is meant to be provided by users through an online submission or curation system whose form uses free text and GeneOntology keywords (M. Primig and The Board of Curators, unpublished). A prototype of the database that enables researchers to make contributions and currently provides access to relevant microarray expression data from various species is available at http:// germonline.unibas.ch/.
Conclusion
There is no doubt that global standardization of microarray data management and analysis, cheaper and better microarrays, as well as improved experimental protocols will further increase the impact of expressionprofiling studies on biomedical research. This is a truly exciting phase in which biology, physics, biochemistry, mathematics and information technology blend into an array of novel approaches to understand sexual reproduction.
